Background. The incidence of hepatocellular carcinoma has doubled over the past 2 decades, becoming the fifth most common cancer worldwide. Orthotopic liver transplant is the gold standard treatment for those with hepatocellular carcinoma meeting eligibility criteria, although recurrence rates of hepatocellular carcinoma after orthotopic liver transplant still remain an understudied obstacle. Methods. We performed a single-center, retrospective, longitudinal study with the aim of determining the predominant baseline and follow-up variables associated with hepatocellular carcinoma recurrence. We gathered pre-and post-transplant data and conducted univariate and multivariate analysis to assess variables predicting hepatocellular carcinoma recurrence after orthotopic liver transplant. Results. Between 2003 and 2015, 141 patients underwent orthotopic liver transplant for hepatocellular carcinoma. We identified 9 (6.4%) cases of documented hepatocellular carcinoma recurrence. Univariate analysis indicated that the difference in serum alpha-fetoprotein levels (most recent prior to transplant subtracted from maximum level) was lower in the hepatocellular carcinoma recurrence group (median 3 ng/mL vs 0 ng/mL, P = .052) as well as the pretransplant serum cholesterol level (median 158 mg/dL vs 113 mg/dL, P = .019) and days between hepatocellular carcinoma neoadjuvant treatment initiation and transplantation (median 122 vs 0, P = .045). Multivariate analysis revealed that a low pretransplant serum cholesterol level (<100 mg/dL) was independently associated with hepatocellular carcinoma recurrence (hazard ratio 11.0, P = .004). Conclusion. The risk of hepatocellular carcinoma recurrence after orthotopic liver transplant was low, at 6.4%, in this cohort. Low pretransplant serum cholesterol was the strongest predictor of recurrence and may help clinicians risk stratify patients for appropriate post-transplant monitoring and follow-up. (Surgery 2017;161:830-6.) 
HEPATOCELLULAR CARCINOMA (HCC) is the fifth most common cancer worldwide and the third leading cause of cancer mortality. 1 Its incidence is disproportionately increased in areas with high rates of hepatitis B virus (HBV) infection and aflatoxin exposure, such as sub-Saharan Africa and parts of Asia as well as in males across the world. In the United States, it is associated more closely with the increase in hepatitis C virus (HCV) cases due to widespread HBV vaccination.
The large majority of cases arise in a cirrhotic liver in Western populations with notable causes of cirrhosis, including HBV/HCV, alcoholic liver disease, and nonalcoholic steatohepatitis (NASH). HCC may arise from mature hepatocytes or progenitor cells in the setting of cirrhosis and may begin as high-grade, dysplastic nodules. The constant inflammation and regeneration of cells leading to cirrhosis may cause accumulation of mutations, of which the end result is genomic instability, a hallmark of HCC. Because patients with cirrhosis are at an increased risk, they are imaged every 6 months, as the prognosis of an advanced HCC is poor. 2 In those patients meeting eligibility criteria, the gold standard of treatment for HCC is orthotopic liver transplantation (OLT), but the primary concern post-transplant is recurrence of the cancer. This concern has led to inclusion criteria for liver transplant in order to increase the chance of survival and to better allocate the available organs (Milan criteria). 3 Despite the standard use of these criteria, the rate of recurrence is estimated currently to be 15-20% and occurs typically at an extrahepatic site. 4 To monitor for this, patients undergo imaging post-transplant, and their serum alpha-fetoprotein (AFP) levels are monitored serially.
There remains a need for research that improves the ability to determine patients who are high risk of recurrence beyond the use of the Milan criteria. Recently published literature points to AFP, neutrophil to lymphocyte ratio (NLR), and tumor differentiation as risks of recurrence apart from the current markers of size and number of tumors. 5, 6 The aim of this study was to utilize detailed baseline data to determine risk factors for recurrence of HCC post-OLT in our population beyond the standard patient demographics and tumor burden.
PATIENTS AND METHODS
This was a single-center, retrospective study assessing the pre-and post-transplant factors associated most strongly with HCC recurrence after OLT. Approval was obtained from the local Institutional Review Board and electronic medical records of patients who underwent OLT for HCC as well as by review of incidental findings of HCC on the explant between 2003 and 2015. A total of 141 patients were identified based on an assessment of International Classification of Diseases, Ninth Revision codes and the transplant registry database. Groups were divided and compared based on if recurrence of HCC post-transplant was documented in the medical record either by the transplant center or other providers caring for the patient.
Data were collected for a number of pre-and post-transplant variables identified in the literature as being potential risk factors for HCC recurrence, as well as common sociodemographic characteristics collected routinely for liver transplant studies. The primary underlying liver disease was noted and defined as HBV, HCV, NASH, cryptogenic cirrhosis, alcoholic liver disease, autoimmune hepatitis, cholestatic liver disease, primary HCC, and other.
The Model for End-Stage Liver Disease (MELD) score was calculated from the patient's most recent laboratory values prior to transplant (international normalized ratio for prothrombin time, creatinine, bilirubin) using the Mayo Clinic's MELD Model calculator for health care professionals. It was also noted if the patient received a MELD exception for HCC. Pretransplant laboratory values collected included the NLR, total serum cholesterol (mg/ dL), and serum AFP. The values for the aforementioned labs recorded were the most recent prior to OLT.
We also recorded the maximum value of serum AFP at any point prior to OLT. The number of days prior to transplant for which the HCC was diagnosed was determined by magnetic resonance imaging or computed tomography and the subsequent opinion of the radiologist. Size criteria for the HCC tumors were stratified as follows: incidental finding on explant, within Milan criteria, initially beyond Milan criteria and successfully downstaged to within Milan, and beyond Milan criteria.
Greatest tumor size on imaging was defined based on if the tumor was discovered incidentally on explant, the maximum diameter of the tumor was <5 cm, or the maximum diameter was >5 cm. Most patients received pretransplant, locoregional therapy, which included transcatheter arterial chemoembolization (TACE), radiofrequency ablation, and liver resection. The particular therapy, number of treatments received (for TACE), and the number of days prior to transplant that neoadjuvant therapy was initiated were recorded as well.
The surgical pathology report was reviewed for every case and tumor number, maximum tumor diameter, presence of vascular invasion, and tumor differentiation was recorded. Vascular invasion was divided as none, microvascular, or macrovascular. Tumor differentiation was stratified as well, moderate, poor, or unable to determine due to complete necrosis, and was also gathered from the explant pathology report. Biopsy-proven episodes of acute rejection with a Rejection Activity Index (RAI) of $4 were noted as well as the subsequent treatment for the rejection episode.
The primary outcome collected for this study was the recurrence of HCC. If the HCC did recur, the number of days between transplant and diagnosis of recurrence was recorded as well as the site of recurrence. Patient and graft survival were also collected as an outcome and defined as alive with no recurrence, alive with recurrence, deceased with recurrence, deceased with no recurrence, and deceased with cause of death unknown. The number of days between OLT and patient death or last follow-up was also recorded.
Statistical analysis included standard descriptive statistics, including percentages for categorical variables and means, standard deviations, medians, and interquartile ranges for continuous data. Univariate analysis was conducted using the 2-sample independent t test for continuous data and the v 2 test for categorical data. Time to event analysis was conducted using Cox regression, reporting both unadjusted and adjusted hazard ratios (HR) for covariates of interest (with 95% confidence intervals
[CI]). Backward elimination was utilized to remove variables from Cox models that failed to be predictive or associated with HCC recurrence. All data were analyzed using SPSS software (version 20.0; IBM Corp, Armonk, NY).
RESULTS
Between 2003 and 2015, 141 individuals underwent OLT for HCC. The median age was 58 years, 78% were men, and 80% were Caucasian (Table I) . Hepatitis C was the most common underlying diagnosis (67%), followed by NASH (13%) and cryptogenic cirrhosis (7%). MELD exemption points were given to 36% of patients. Neoadjuvant therapy to treat HCC prior to transplant was utilized in 58% of patients, with 54% receiving TACE, 4% receiving radioembolization, and 1% receiving liver resection. Pretransplant radiographic findings demonstrated that the greatest tumor size prior to transplant was categorized as follows: >5 cm in 2% of patients, <5 cm in 93% of patients, and an incidental finding on explant in 5% of patients. Pretransplant tumors were found to be within Milan criteria (85%), outside Milan but downstaged (6%), and outside Milan and not downstaged (4%). [125, 194] ), and AFP (9 ng/mL [4, 6] ). Maximum value any time prior to transplant for AFP was 17 ng/mL (7, 82) . The median MELD score at time of transplant was 13 points [10, 18] . In those patients who were documented to develop HCC recurrence, the median number of days between OLT and HCC recurrence was 588 days (272, 1160). Post-transplant pathologic findings after OLT that were assessed included tumor grade/differentiation, vascular invasion, and tumor number (Table III) . Tumor grade/differentiation was recorded as nuclear grades 1-2 and well differentiated (33%), nuclear grades 2-3 and moderately poorly differentiated (41%), nuclear grade 4 and poorly differentiated (2%), and unknown grade due to complete necrosis (24%). Tumor number ranged from 0-9, with 82 patients (63%) having 1 tumor and 19 (15%), 18 (14%), 4 (3%), and 4 (3%) having 2, 3, 4, and $5 tumors, respectively. The majority of patients did not have vascular invasion (94%); those with microvascular or macrovascular invasion accounted for 4% and 2%, respectively. Interleukin-2 receptor antagonist (IL2RA) induction immunosuppression therapy was utilized in 19 patients (13%). Episodes of acute rejection post-transplant, as defined by a biopsyproven RAI of 4 or worse, occurred in 38 (27%) of the patients.
After OLT, 9 (6.4%) of 141 patients had documented recurrence of HCC. There were 3 recurrences found in the transplanted liver, 3 in the peritoneum, 2 in local lymph nodes, and 1 in bone (lumbar vertebrae). Univariate analysis revealed that AFP difference between maximum and most recent (P = .052), lower total pretransplant serum cholesterol (P = .019), and fewer days between neoadjuvant therapy imitation and transplant (P = .045) were associated with recurrence. A trend for HCC recurrence was demonstrated with an increased maximum tumor diameter, with the median maximum tumor diameter being 3 cm (2, 5) in the recurrence cohort and 2 cm (2, 3) in the nonrecurrence cohort (P = .082). Post-transplant predictors of recurrence included moderately poorly graded/differentiated neoplasms (P = .032), greater tumor number (P = .040), and vascular invasion (P = .002). A trend was observed with the use of IL2RA induction therapy (P = .076, Table IV ).
Multivariable analysis demonstrated that total cholesterol <100 mg/dL (HR = 11.0, 95% CI = 2.1-54.9, P = .004), maximum tumor size (HR = 0.17, 95% CI = 0.02-1.64, P = .125), and a poorly moderately differentiated neoplasm (HR = 6.01, 95% CI = 0.69-52.2, P = .104) produced the most parsimonious model for predicting recurrence risk. Total pretransplant cholesterol <100 mg/dL was the only statistically significant predictor of HCC recurrence risk (P = .004, Fig) .
DISCUSSION
The results of this analysis provide evidence that a low (<100 mg/dL), pretransplant total serum cholesterol strongly predicts post-transplant HCC recurrence, suggesting that information beyond that of tumor quantity and size may be useful to risk stratify patients requiring liver transplant for HCC. Currently, the Milan criteria adopted in 1996 use tumor size and number obtained via radiographic imaging to assess risk of HCC recurrence and to determine eligibility criteria. Although the Milan criteria have been well demonstrated to be working predictors of risk, they are limited by the sole use of radiographic findings, and some groups consider the Milan criteria to be overly conservative. 7, 8 Additionally, a study by Hanouneh et al 9 demonstrated that patients excluded from liver transplant because they did not meet the current Milan or the more liberal University of California San Francisco (UCSF) criteria can still have acceptable post-transplant outcomes due to favorable biology of the HCC. The authors concluded that tumor growth rate may be a useful tool in selecting patients with HCC outside of Milan criteria for liver transplantation. 9 Likewise, another study concluded that the current Milan and UCSF criteria were insufficient in predicting patients at high and low risk for recurrence of HCC after OLT. 10 It is important to differentiate between pre-and post-transplant variables when determining risk. Understanding which pretransplant variables, (13) including laboratory inquiries (AFP, cholesterol, NLR) and radiographic findings are most appropriate for predicting accurately risk of HCC recurrence, determining patient eligibility for transplant, and setting initial follow-up protocols to assess for recurrence is needed. Post-transplant variables, including pathology assessed on the explanted liver and perioperative clinical data may also help to understand the biology of the tumor and aid in determining a suitable, patientcentered, long-term follow-up protocol. 11 Future large-scale studies with long-term follow-up must assess both pre-and post-transplant clinical and biochemical variables in order to better understand which sets of variables are most relevant in predicting risk.
Pretransplant variables found to be associated with recurrence included total serum cholesterol, differences in AFP values pretransplant, number of days prior to transplant that neoadjuvant therapy was started, and maximum tumor size; total serum pretransplant cholesterol was found to be significant in multivariate analysis. A number of previous studies have investigated pretransplant data and suggested that some variables may assist in predicting risk of HCC recurrence. One longitudinal cohort study demonstrated that serum levels of AFP, total pretransplant cholesterol, and NLR were significant predictors of HCC recurrence, while another study found serum levels of AFP, glutamate dehydrogenase and alkaline phosphatase to be early predictors of HCC recurrence. 7, 12 Both of these studies support serum AFP levels as a significant predictor (significant univariate and initial multivariate predictor in our study), while the former study found pretransplant cholesterol as a significant predictor, which is analogous to our study.
Because of the findings in our study as well as the findings in previous studies, the current selection criteria should be reassessed and biologic markers should be added to offer a better prediction model, which may allow for patients who do not meet Milan criteria to be eligible for transplant based on good prognostic biology. Post-transplant biomarkers that have been found to be predictors of lower recurrence-free survival include an increased serum C-reactive protein (CRP). 13 Although we did not investigate CRP, our study did find that a moderately poorly differentiated neoplasm and any type of vascular invasion to be post-transplant variables that were significant in our initial multivariate analysis of HCC recurrence predictors.
Furthermore, a single-institution, retrospective cohort study from the University of Washington found recurrences with single tumor size >4.5 cm, macro-invasion, and bilobar tumors to be significant predictors.
14 This study did not investigate the effects of cholesterol on their patient population but did demonstrate that macrovascular invasion and a >4.5 cm single tumor size were significant predictors. Taken in context with our results, it appears that several post-transplant characteristics are strong predictors of recurrence, which may assist clinicians in determining the optimal posttransplant follow-up protocol.
Serum levels of total cholesterol pretransplant can predict the extent of liver damage; indeed, lower preoperative serum cholesterol levels have predicted worse postoperative outcomes after partial hepatectomy in patients with HBV-or HCVrelated HCC. The liver is the primary organ responsible in synthesizing cholesterol, thus a more severely damaged liver produces less cholesterol. This mechanistic understanding of cholesterol homeostasis supports our finding regarding a lower serum pretransplant cholesterol level predicting recurrence of HCC after OLT and thus worse outcomes. 15 Support for a lower serum cholesterol being correlated to aggressive tumor biology has been also demonstrated in mouse models, where mice with active tumorigenesis had lower total serum cholesterol levels when compared to wild-type mice, likely because of the increased uptake of cholesterol by the actively dividing cancer cells. 16 Furthermore, a study investigating gastrointestinal cancer and serum cholesterol levels suggested that tumor cells use and store increased amounts of cholesterol, thus a lower serum cholesterol may be associated with an aggressively proliferating tumor. 17 Likewise, a cohort study with 97,000 participants from Japan reported that liver cancer mortality was greatest among those participants with the lowest low density lipoprotein serum cholesterol levels. 18 Another cohort study investigated the association between serum cholesterol and total cancer risk and demonstrated that only liver cancer demonstrated an association between low serum cholesterol and cancer risk. 19 These prior studies help explain the biology behind aggressive liver tumors and their association with lowering total serum cholesterol, thus reinforcing the findings of our study.
Limitations of this study include the low recurrence of HCC in this cohort of patients, which may reflect a low baseline risk or lack of follow-up reporting. Further single-institution studies would help provide a better understanding of this limitation as well as continued follow-up of patients to observe if later recurrence is more common. Second, because ours is a retrospective study, information obtained may be prone to misclassification due to differences in charting citations and procedures. Additionally, under-reporting of some data was an issue, especially in the post-transplant pathologic reports for the explanted liver.
In conclusion, pretransplant serum cholesterol (<100 mg/dL) was the strongest predictor of HCC recurrence after liver transplant. The results, taken in conjunction with previous literature, support adding biochemical markers to the current radiographic criteria clinicians use to assess transplant eligibility and may also help risk stratify patients for appropriate post-transplant monitoring and follow-up. 
